The fate of fertilizer phosphorus in soils forms an interesting problem which is of importance both to the practical farmer and to the soil scientist. It is known that generally only a relatively small part of the mineral phosphorus applied as fertilizers is in the first year utilized by the crops. The residual effect of phosphate fertilizers may sometimes be considerable and it may last for several years, whereas in other cases even the response in the year of application can be negligible in spite of a distinct lack of available P. Obviously, this different behaviour largely depends on the kind and intensity of the phosphate fixation by the different soils.
The fate of fertilizer phosphorus in soils forms an interesting problem which is of importance both to the practical farmer and to the soil scientist. It is known that generally only a relatively small part of the mineral phosphorus applied as fertilizers is in the first year utilized by the crops. The residual effect of phosphate fertilizers may sometimes be considerable and it may last for several years, whereas in other cases even the response in the year of application can be negligible in spite of a distinct lack of available P. Obviously, this different behaviour largely depends on the kind and intensity of the phosphate fixation by the different soils.
Comprehensive literature concerning the retention of phosphates by soil is accumulated, and it has been attempted to elucidate the forms in which the residual phosphate occurs (cf. 11, 14, etc.) . As it can be expected, most attention has been paid to the mineral soils and only in a few cases peat soils have been studied. Therefore, our information of the fertilizer P in peat soils is even scarcer than the knowledge we suppose we have of this problem in mineral soils. McCool (13) states that the peat and muck soils of Michigan vary considerably in their ability to take up phosphate: soils low in ash possessed a very small capacity in this respect; in other soils this property increased with mineral content and degree of decomposition. Doughty (2) reports that in his material the formation of iron, aluminium and calcium phosphates will account for the fixation of phosphate under field conditions. In another paper Doughty (3) emphasizes the importance of iron in the retention of phosphate. Kasakow (10) finds that the maximum fixation of phosphate in peat soils occurs in the range of pH [2] [3] and that lowmoor peat adsorbs more P than highmoor peat, probably owing to the higher iron, aluminium and calcium content of the former.
The direct role of organic matter in the retention of phosphate is supposed to be small; generally the assumption is held that humic acids and other organic acids are able to prevent the fixation of phosphate by iron complexes (1, 12 etc.) .
However, the indirect effect of organic matter may sometimes be noteworthy, i. e. the organic matter can serve as a source of energy for the microorganisms and thus cause biological absorption of P. This, as yet, is only a supposition which has not been proved under common conditions in the field, but as already previously mentioned (6) in peat soils with a low degree of humification it may play some role. The data in the same paper indicated that during the ten years of an experiment the total content of organic P in a limed lowmoor peat soil increased due to the P fertilizers, and even more intensively than the corresponding content of inorganic P. Jackman (4, 5) has found a rather marked conversion of applied P into organic forms also in mineral soils. Probably both higher plants and microorganisms are responsible for this accumulation of organic P. The role of organic P in the accumulation of fertilizer P in peat soils seems to be worth further investigation. Since some samples from field experiments on peat soils were available, an attempt was made to elucidate this problem. In addition to the analyses of organic P also the solubility of accumulated inorganic P was studied.
Material and methods
Samples from a 30-years-old field experiment with increasing applications of phosphate fertilizers were available. This experiment of the Peat Experiment Station in Leteensuo was arranged on a well humified lowmoor peat clayed with 200 m 3 /ha and annually fertilized with muriate of potash. The four samples originated from plots annually dressed with superphosphate in amounts corresponding to 0, 20, 40 and 60 kg/ha of P 20 5 respectively.
The second group of samples originates from 12 fertilization experiments on newly reclaimed soils in Northern Finland. They represent various kinds of peat lands without any mixing with mineral matter. The experiments were approximately four years old. The samples were taken from plots with no treatment and from plots annually fertilized with 150 kg of calcium nitrate, 200 kg of superphosphate, and 120 kg of muriate of potash per hectar.
The phosphorus analyses were performed by the molybdenum blue method modified by the author (7) . Total P was estimated from a Kjeldahl digest in which copper sulphate and potassium sulphate were substituted by sodium selenite and sodium sulphate. Organic P was determined as an average of the results obtained by an acid-alkali extraction and by an ignition method (9) .
The easily soluble inorganic P was estimated in different ways. Extractions with distilled water, 0.05 N sodium chloride, 0.5 N acetic acid, 1 % citric acid, and 0.2 N sulphuric acid were performed. The time of extraction was one hour and the ratio of soil to solution was 1 : 20 in the water, sodium chloride, acetic acid and citric acid extractions and 1 : 100 in the extraction with sulphuric acid. The amounts of inorganic P soluble in 4 N sulphuric acid and in the .following extraction with cold and hot 0.5 N sodium hydroxide, obtained in connection with the determination of total organic P are also reported.
The solubility of inorganic and organic P at various pH levels was studied by extractions performed in the ratio of 1 : 20 and with mixtures of 0.05 N hydrochloric acid and 0.05 N sodium hydroxide.
The amount of organic P dissolved by these treatments was estimated as the difference between the total P in the solution digested with perchloric acid and the inorganic P measured directly from the extract. The pH was first determined by a Beckman pH-meter with glass electrode from the extract and from the wet soil on the filter. Later only the pH-value of the clear extract was measured, because the differences of corresponding values appeared to be almost insignificant.
The retention of phosphate against 0.05 N sodium chloride was estimated as the difference of the amounts of P in extracts with and without an application of potassium monophosphate into the extractant. The ratio of soil to solution was 1 : 20 and the extraction period was one hour.
Iron was determined colorimetrically with rhodanide. An aliquot of the solution to be analysed was diluted with 20 ml of 0.5 N hydrochloric acid and water to 45 ml. 5 ml of 3 N potassium rhodanide was added. The colour intensity was measured by a Lumetron colorimeter using a green filter with the transmission peak at 515 mp.
The pH of the original samples was determined from water suspension (1:4) using the Beckman pH-meter. The volume weight was estimated by an apparatus explained elsewhere (8) .
Results
a. The Leteensuo-experiment Attention is first paid to the 30-years-old field experiment from Leteensuo. The total P, inorganic P and organic P content of the plots annually dressed with 0, 20, 40 or 60 kg/ha of P 20 5 applied as superphosphate is reported in Table 1 .
With the increasing application of phosphate an increase in the accumulation of total, inorganic and organic P content of the peat samples can be stated. The proportion of organic P of total P is the lower the higher the P dressing, but the organic P content of organic dry matter tends to grow. Theoretically it is not right, of course, to assume that the difference in the P content of the samples from the fertilized plots and in that from the untreated one would indicate the amount of fertilizer P accumulated in the particular plots. Phrfortunately, the data for the yields and their P content in the 30 years are not available, and it is impossible to compute the real P balance of the variously treated plots. Therefore, it must be supposed that the differences in the P content of the samples can yield some information of the changes in the P conditions of this peat soil due to the application of superphosphate.
The total amounts of phosphorus applied to the various plots during 30 years correspond to about 250, 500 and 750 ppm respectively, expressed as P. The increase in the total P content of the respective plots as compared with the 0-plot appears to be 150, 410 and 550 ppm, which means that about 100 ppm of P in the plots 2 and 3, and about 200 ppm of P in the plot 4 have been utilized by the crops, or in some other way, got out of the ploughing layer. Probably it is too dangerous to try on the basis of these figures to estimate the part of fertilizer P accumulated in the soil. These percentages would be 60, 80 and 75 per cent of the total amount applied to the plots with 20, 40, and 60 kg/ha of P 20 5 respectively. This would correspond to a utilization of phosphorus at the rate of 40 per cent of the annually given 20 kg/ha of P 20 5 or 110 kg/ha of superphosphate, and at the rate of [20] [21] [22] [23] [24] [25] per cent when the application was three times or twice as high as that.
The increase in the total P content of the soil due to the fertilization appears both in the inorganic and organic P contents. As compared with the plot without treatment the plots which have received 20, 40, or 60 kg/ha of P 20 5 show a respective increase of 70, 170 and 240 ppm of P in the inorganic P fraction whereas the cor- responding increase in the organic P complex appears to be about 80, 240 and 310 ppm respectively. Thus a somewhat higher amount of P has been accumulated in the organic form than in the inorganic fraction. Probably this turning over into organic compounds is brought about not only by the biological absorption of microorganisms but also by the accumulation of organic P compounds in the remains of plants. It is possible that, in this connection, the way through the plants is the more important one.
The amounts of inorganic P in water or in 0.5 N acetic acid extracts are low in all the samples ( Table 2) . A slight tendency to higher values with the increasing application of P may be observed. This tendency is more distinct in the amounts extracted by 1 % citric acid and 0.2 N sulphuric acid. It is of interest to notice that in the acid-alkali extraction the greater part of total inorganic P is already dissolved by the 4 N sulphuric acid. The differences in the amount of inorganic P in the following sodium hydroxide extracts are low.
The amounts of inorganic P extracted at different pH-levels (Table 3) show a minimum at pH 4.2 in all the samples. In this respect a resemblance with the solubility of vivianite may be detected; in a sample of vivianite the following amounts of inorganic P were extracted using the same method as for the analyses of the peat samples: ' at pH 1 This, of course, is not enough to prove that inorganic P in this peat soil would occur as compounds similar to vivianite, but it corroborates the view that iron complexes may play an important role in the retention of inorganic P in soils of this kind. Even at pH 8.6 the amount of inorganic P extracted is rather low corresponding to about 6,6, 9, and 10 per cent of the total inorganic P in the samples 1,2, 3, and 4 respectively. This soil appears to fix inorganic P rather tenaceously. The retention of phosphate against an extraction with 0.05 N sodium chloride at pH 4.2 was so high that about 95 per cent of the inorganic P in the solution was adsorbed, even when the amount of P applied as potassium monophosphate was 10 mg/1 which corresponded to 200 ppm of the soil.
In Table 3 also the amounts of organic P extracted at various pH-levels are reported. Under acid conditions the solubility of organic P compounds was low, but at pH 6 the amounts began to increase and a considerable part of the total organic P was dissolved at pH 8.6. If again some daring estimations are made, it may be found that at pH 8.6 about 11, 13, and 16 per cent of the inorganic P accumulated owing to the fertilization with annual amounts of 20, 40 and 60 kg/ha of P 20 5 are dissolved whereas the corresponding percentages for the organic part are 100, 70 and 60 per cent, respectively. A similar relationship appears to exist between the amounts of inorganic and organic P extracted also at the other pH-levels. Thus, the accumulated organic P may be slightly more soluble than the residual P accumulated as inorganic forms. This, again, is a conclusion which needs more material for evidence.
b. The field experiments on newly reclaimed soils Table 4 shows the various kinds of peat and peat land types which the 12 experiments represent. The degree of land quality (Bo) ranges from 1 to 8. In practice the classes from 5 to 10 are considered tillable. The total P content of the samples from the untreated plots ranges from 390 to 1410 ppm, and without exception the plots which have received phosphate fertilizer show a higher total P content, although in the experiments 1 and 9 the difference is almost insignificant. In all the experiments, except in number 3, the samples from the PKN-plots contain more inorganic P than the untreated ones. The difference in the organic P content between the variously treated plots is less regular. In two of the experiments, numbers 5 and 9, even a lower organic P content can be stated for the PKN-plots, in numbers 1 and 10 there is no difference, and in some others the increase in the organic P content is markedly lower than that in the inorganic P content. The fact must be remembered that in field experiments of this kind arranged on newly reclaimed peat soils the variation and the errors may be marked. Therefore, even if the samples were carefully taken they may not give a reliable picture of the differences in the variously treated plots. Particularly the fact that in peat soils the yield of the 0-plot may often be very low as compared with that of the PKN-plot violates the conclusions drawn on the basis of the analyses obtained. Yet, it appears that in several experiments the application of fertilizer has led to an increase both in the inorganic and organic P contents of peat even within this rather short experimental period.
As to the solubility of inorganic P in these samples it can be stated (Table 5 ) that the effect of fertilization is revealed by the data obtained, particularly when citric acid or sulphuric acid was employed as extractant. In the amounts of most easily soluble P the difference between the 0-plot and the PKN-plot is not always quite distinct, and also the inorganic P dissolved by 0.5 N sodium hydroxide after the treatment with 4 N sulphuric acid appears to change insignificantly owing to the fertilization. These may be explained supposing that the easily available part of applied P has been taken up by the crop, and on the other hand, that the soil
has not yet been able to fix fertilizer-P so tenaceously that it would be left into the alkali soluble fraction of the acid-alkali extraction.
In the Sp-samples the solubility of both native and applied inorganic P in the weak solvents appears to be higher than that in the samples of peat of better qualities, in general. The retention of applied P against an extraction with 0.05 N sodium chloride also characterizes the intensity of the fixation in these sam- pies. These data are reported in Table 6 which also contains amounts of iron extracted by 0.1 N hydrochloric acid. Since between the results obtained for the samples of the 0-plots and PKN-plots no significant difference was observed, the average quantities are listed. The retention of phosphate appears to vary markedly but it is rather high in most of the samples. Only the Sphagnum fuscum peat in the experiment 1 cannot adsorb much phosphate. On the other hand, there are samples, from the experiments 5, 10, 11, and 12, which are able to fix almost all of the phosphate in the solution, even when its original P concentration was 10 mg/1 or corresponded to 200 mg/kg of the peat sample. Generally, the part of phosphate fixed by the samples during the extraction decreases with the increase in phosphate concentration of the solution, but in most of the samples this decrease is far less than could be expected. The content of iron soluble in 0.1 N hydrochloric acid appears to be rather closely connected with the fixation capacity of the samples. The correlation coeffi- cient calculated between the percentic retention of P from the solution containing 10 mg/1 of P and the amount of iron dissolved by the hydrochloric acid treatment is r = 0.778*. This, of course, is not enough to prove that the iron complexes would be the main factors in the fixation of phosphate ion by these peat soils. It must also be emphasized that the results obtained for the retention of phosphate do not represent the conditions under equilibrium. To reach that probably a far longer period of treatment would be necessary. The amount of inorganic and organic P extracted from these samples at various pH-levels were also estimated. The results obtained were well in accordance with the data from the Leteensuo-experiment and with the other information of the present samples. The minimum amounts of inorganic P were extracted both from the treated and untreated samples mostly at about pH 3.5-4.0, but in some soils the lowest results were found at pH 2.5-3.0. In the experiment number 9 the minimum appeared to lie at pH 7. Yet, in all the samples the solubility was highest in the alkaline reaction which shows that calcium phosphates do not play any important role in these peat soils.
Discussion
The results reported in the present paper give only an incomplete answer to the question of the forms in which fertilizer P may accumulate in peat soils. The quality of the material allows, at the most, an orientation.
It appears, however, to be evident that the application of phosphate fertilizers leads to an increase also in the organic P content of peat soils. Strictly speaking the results obtained only prove that the organic P content of peat from a plot which have received phosphate fertilizer tends to be higher than that of corresponding peat from a plot without P-application. This, of course, may be accounted either to an increase in the organic P content of the former or to a mineralization of native organic P in the latter. In this case the former supposition seems to be more probable.
This biological absorption of P performed by microorganisms and higher plants may turn over to organic forms more than half of the phosphate applied as fertilizers as was pointed out by the figures obtained from the old field experiment in Leteensuo. It is difficult to estimate how rapidly this accumulation of organic P occurs in different soils. The experiments on newly reclaimed peat soils indicate that sometimes, particularly in experiments on BCp and EuSCp as well as on Sphagnum fuscum peat, the fertilizer P tends largely to be accumulated as inorganic forms during the first years. On the other hand, in experiments on Cp and CSp an accumulation as organic compouds seems to be quite marked.
Since no information of the yields and the P content of the various crops was available no conclusion on the ability of the plant to take up P from the various fractions in soil can be drawn. It is also impossible to estimate the kind of connection in which the possible increase in yield due to the phosphate fertilization and the changes in the organic P content of the soil are with each other. These are questions which must wait for further investigation.
Summary
In the present paper the results of a preliminary study of the accumulation of fertilizer P in peat soils is reported. The material consisted of samples from an old field experiment in Leteensuo Experiment Station and from 12 experiments on newly reclaimed soils in Northern Finland.
The primary object of this paper was the consideration of the role of organic P in the accumulation of fertilizer phosphate. Some support was obtained to the assumption that the biological absorption of P performed by microorganisms and plants stores up in organic form a large part of phosphorus applied to peat soils. The fertilizer P accumulated in inorganic forms was generally rather tenaceously fixed. The retention of phosphate against extraction with 0.05 N NaCl solution was high in most of the peat samples. laavaan lannoittamättomaan koejäseneen. Orgaanisen fosforin kertyminen maahan johtunée sekä kasvien että mikrobien aiheuttamasta biologisesta pidättymisestä. Epäorgaanisessa muodossa maahan jäänyt fosfori oli yleensä verraten vaikeasti liukenevaa. Rautayhdisteillä näyttää olevan merkitystä turpeiden tehokkaassa fosfaatin pidättämisessä.
